α-Synuclein (αSyn) is the major gene linked to sporadic Parkinson's disease (PD), whereas the G209A (p.A53T) αSyn mutation causes a familial form of PD characterized by early onset and a generally severe phenotype, including nonmotor manifestations. Here we generated de novo induced pluripotent stem cells (iPSCs) from patients harboring the p.A53T mutation and developed a robust model that captures PD pathogenic processes under basal conditions. iPSC-derived mutant neurons displayed novel diseaserelevant phenotypes, including protein aggregation, compromised neuritic outgrowth, and contorted or fragmented axons with swollen varicosities containing αSyn and Tau. The identified neuropathological features closely resembled those in brains of p.A53T patients. Small molecules targeting αSyn reverted the degenerative phenotype under both basal and induced stress conditions, indicating a treatment strategy for PD and other synucleinopathies. Furthermore, mutant neurons showed disrupted synaptic connectivity and widespread transcriptional alterations in genes involved in synaptic signaling, a number of which have been previously linked to mental disorders, raising intriguing implications for potentially converging disease mechanisms.
α-synuclein | axonal degeneration | dystrophic neurites | Parkinson's disease | small molecules P arkinson's disease (PD) is the second most common neurodegenerative disease characterized by progressive loss of striatal-projecting dopaminergic neurons of the substantia nigra, resulting in debilitating motor deficits (1) . Although motor symptoms are the obvious outward sign, the disease involves a more widespread neuronal dysfunction, leading to early and late nonmotor features such as hyposmia, depression, sleep disturbance, cognitive decline, and dementia (2, 3) . The hallmark of PD pathology is the presence of neuronal inclusions, known as Lewy bodies or Lewy neurites, composed mainly of αSyn (4). These protein aggregates are found in various central nervous system areas, shifting the focus from a defect in dopamine neurons to a more widespread disruption that forms a basis for the nonmotor manifestations of PD (5) .
Evidence from genetic, biochemical, and biophysical studies supports that αSyn monomers, oligomers (6) , fibrils, and other conformers have central roles in the pathogenesis of PD and other synucleinopathies (7) . αSyn is the major sporadic PDlinked gene (8) , whereas point mutations (9) and multiplications (10) of the locus cause an autosomal dominant form of PD. The best-characterized mutation is p.A53T (G209A SNCA), first identified in families of Italian and Greek ancestry (11) . A large number of p.A53T-based in vitro and in vivo animal models have been created for understanding the mechanisms of PD pathogenesis and progression and for assisting in drug development. However, an important limitation is the extent to which these experimental models recapitulate key neuropathological features of the human disease (12) . Recent advances in cell-reprogramming technologies have allowed generation of induced pluripotent stem cells (iPSCs) from somatic cells of patients with sporadic or familial PD (13) (14) (15) (16) (17) (18) (19) , offering the opportunity to elucidate disease phenotypes, investigate the underlying mechanisms, and screen for new drugs. However, it has been difficult to identify Significance Parkinson's disease (PD) is an incurable neurodegenerative disorder characterized by motor and nonmotor deficits, including cognitive decline and dementia. The protein αSyn is strongly associated with PD pathogenesis, whereas αSyn mutations, such as p.A53T, cause familial forms of PD. Animal models are crucial for understanding PD pathogenesis, but there are limitations in the extent to which these models reproduce faithfully the human disease. Cell-reprogramming technologies allow the generation of human neurons from patients with PD, but it has proven difficult to identify cellular pathologies in induced pluripotent stem cell-derived neurons. In this study, we created a robust p.A53T patient-derived model of PD that captures disease-related phenotypes under basal conditions, thus providing a unique system for studies of disease mechanisms and development of therapeutics. cellular pathologies in iPSC-derived PD neurons in the absence of oxidative or other cellular stress.
Here we generated de novo iPSC lines from two male patients with early disease onset who harbored the p.A53T αSyn mutation. By directed differentiation, we created a robust model containing dopaminergic, GABAergic, and glutamatergic neurons that displays disease-relevant phenotypes at basal conditions, including protein aggregation, compromised neurite outgrowth, and axonal neuropathology. Small molecules targeting αSyn reverted the degenerative phenotype under both basal and induced stress conditions, indicating that this strategy may be beneficial in individuals with PD and related disorders. Importantly, mutant neurons showed defective synaptic connectivity and remarkably dysregulated expression of genes involved in synaptic signaling, a number of which have been previously linked to schizophrenia, autism, and bipolar disorder. Our findings uncover disease-associated phenotypes, provide an unexpected link between PD and mental disorders that raises intriguing implications for potentially converging pathological mechanisms in psychiatric and neurologic diseases, and highlight a promising therapeutic strategy for PD and other synucleinopathies.
Results Generation of iPSCs. Skin fibroblasts from two p.A53T patients (SI Appendix, Table S1 A and B, for clinical case description) and from one unaffected individual (control) were reprogrammed to iPSCs (20) . All generated iPSC lines showed human embryonic stem cell (HUES)-like morphology and expressed pluripotency markers (SI Appendix, Fig. S1A ). Two clones from each individual were analyzed further. The differentiation capacity of iPSCs was confirmed by in vitro (SI Appendix, Fig. S1B ) and in vivo (SI Appendix, Fig. S1C ) germ-layer differentiation assays. Global gene-expression profiling (SI Appendix, Fig. S1D ) and RT-PCR for selected pluripotency markers (SI Appendix, Fig.  S1E ) demonstrated that iPSC clones were distinctly different from the originating fibroblasts and similar to HUES (21) . The G209A SNCA mutation was detected in PD fibroblasts and PDiPSCs but not in control cells (SI Appendix, Fig. S1F ). Patientderived and control iPSC clones exhibited normal karyotype throughout serial passaging (SI Appendix, Fig. S1G ).
Neuronal Differentiation of iPSCs. PD and control iPSC lines were differentiated to dopaminergic neurons following a dual SMAD inhibition protocol (22, 23) (SI Appendix, Fig. S2 ). Neural progenitor cells (NPCs) expressing Pax6 and Nestin were efficiently generated from control and PD iPSC lines ( Fig. 1 A and B) . Cells were further directed to differentiate into βΙΙΙ-tubulin + and MAP2 + neurons (Fig. 1C) . At 50-60 days in vitro (DIV), 18-23% MAP2
+ neurons expressed tyrosine hydroxylase (TH; dopaminergic neurons: control-18.32 ± 2.7%; PD1-23.11 ± 2.9%; PD2-19.38 ± 2.3%; n = 5), 25-30% expressed the neurotransmitter GABA (GABAergic neuron marker: control-31.58 ± 6.5%; PD1-28.78 ± 5.2%; PD2-25 ± 6.6%; n = 5), and 16-18% expressed VGLUT1 (glutamatergic neuron marker: control-16.24 ± 2.4%; PD1-18.02 ± 2.1%; PD2-17.58 ± 4.7%; n = 3), as determined by immunofluorescence analysis (Fig. 1 C and D) . RT-qPCR confirmed mRNA expression of the dopaminergic lineage markers FOXA2, NURR1, PITX3, and TH, as well as that of GAD67 and VGLUT1, respectively, characterizing GABAergic and glutamatergic neurons (Fig. 1E) . In addition, next-generation transcriptome sequencing (RNA-seq) showed that both PD and control cultures expressed a number of immature and mature neuronal markers as well as neurotransmitter receptors (SI Appendix, Fig. S3A ).
Functional maturation of iPSC-derived neurons was demonstrated by electrophysiology. Between 55 and 70 DIV, patchclamp recordings showed that >70% of neurons exhibited transient inward sodium currents and sustained outward potassium currents (53 from 68 control cells and 52 from 64 PD cells) that could be blocked by specific pharmacological inhibitors ( Fig. 1 F  and H) . Current-clamp recordings demonstrated that both control and PD cells developed the ability to fire action potentials in response to somatic current injections (Fig. 1G) . Several output patterns were observed, including single bursts, repetitive firing, or trains of action potentials, indicating that iPSC-derived neurons had reached varying degrees of maturation. Additionally, cells responded to key neurotransmitters such as GABA, glutamate, glycine, and nicotine, confirming the presence of functional receptors (SI Appendix, Fig. S3B ). Both PD and control neurons exhibited spontaneous synaptic activity, eliciting inhibitory (GABAergic) and excitatory (glutamatergic) postsynaptic currents ( Fig. 1 I and J) that could be blocked by specific antagonists. Notably, expression of spontaneous synaptic activity was about twofold higher for control cells than for PD cells. Thus, in whole-cell recordings, 27.4% of control cells exhibited synaptic currents (n = 62), whereas only 16% (n = 30) and 12.5% (n = 40) of PD1 and PD2 cells, respectively, generated synaptic events.
Pathological Phenotypes in PD iPSC-Derived Neurons. PD-associated dementia is a major nonmotor manifestation, most prevalent in patients carrying the highly penetrant p.A53T mutation (24) (25) (26) . Because p.A53T pathology is not limited to dopaminergic neurons, we took advantage of our iPSC-based system containing a mixed neuronal population as a more comprehensive model for p.A53T synucleinopathy.
Because the p.A53T mutation induces pathological αSyn aggregation (27) , we confirmed by RNA-seq that the mutant SNCA allele is expressed in patient neurons (SI Appendix, Fig. S4 ). Immunofluorescence revealed that αSyn protein was present in the soma and neurites of both PD and control neurons, albeit more cells were strongly positive for αSyn in PD cultures ( Fig. 2A ). An increase in αSyn was confirmed in PD neurons by Western blotting, although quantification of αSyn mRNA by RT-qPCR did not show statistically significant differences between control and PD neurons (Fig. 2C) . Notably, the pathological form of αSyn that is phosphorylated on serine 129 was detected primarily in PD cultures, revealing the existence of Lewy-like neurites by immunofluorescence (Fig. 2B) , and in sister cultures by immunoblot (Fig. 2C) .
Next, we examined potential aggregate formation by thioflavin S staining. Grain-like protein aggregates, also containing αSyn (SI Appendix, Fig. S5A ), were detected in PD cultures at 50 DIV, whereas control neurons were completely devoid of thioflavin S-positive deposits (Fig. 2D) . The protein nature of these aggregates was confirmed by treatment with proteinase K that efficiently cleared the majority of protein depositions in PD neurons (Fig. 2D) . The presence of αSyn-positive protein aggregates inside inclusion bodies (aggresomes) was further validated using a fluorescence-based assay for detection of aggregated protein cargo (28) in combination with αSyn immunofluorescence (Fig.  2D and SI Appendix, Fig. S5B ). Concomitant with aggregate formation, PD neurons started to exhibit distinct morphological features that distinguished them from control cells and were indicative of extensive neuritic pathology and degeneration. PD neuronal processes immunostained for βIII-tubulin (TUJ1) appeared more contorted with αSyn + swollen varicosities and large spheroid inclusions ( Fig. 2 E and F) similar to the dystrophic neurites identified in the brain of p.A53T patients (29, 30) . TUJ1
+ /αSyn + swellings could be detected in otherwise morphologically intact axons, most likely marking an early event in neuritic degeneration (Fig. 2F, i) . Quite often the distorted neurites of PD neurons ended up in fragmented processes reminiscent of the thread-like pathology found in the brain of p.A53T patients (29, 30) (Fig. 2E, arrow) . Interestingly, the pathological phenotype of neuronal processes was not evident in cells stained for the somatodendritic marker MAP2, suggesting an axonal neuropathology, which was confirmed by staining for the axonal protein Tau ( Fig. 2G ; for quantification of axonal degeneration index, see Fig. 6I ).
Taken together, these data show that an iPSC-based model of p.A53T PD recapitulates closely the neuropathological features identified in the brain of patients carrying the mutation, simulating reliably the human disease.
Synaptic Defects in PD iPSC-Derived Neurons. To gain molecular insight into the pathogenic mechanisms caused by the p.A53T mutation, we performed transcriptome-wide RNA-seq at specific stages of the differentiation procedure, corresponding to iPSCs, iPSC-derived NPCs (13 DIV) and neurons (48 DIV). Total RNA from two control lines (C1-1 and C1-2) and two PD lines (PD1-1 and PD1-2), the originating fibroblasts and from HUES, HUESderived NPCs, and neurons, were used for cDNA library preparation. Following poly-A selection, RNA-seq was performed for global gene-expression profiling. Principal component analysis confirmed a reset in gene expression following fibroblast reprogramming and demonstrated that control and PD1 cells clustered primarily according to their differentiation stage, illustrating similar transcription profiles depending on cell state (Fig. 3 A and B) . Nevertheless, a large number of differentially expressed mRNAs were identified between PD1 and control samples (P < 0.05; Fig.  3C and SI Appendix, Table S1C ). In particular, 647 differentially expressed genes (379 down-regulated and 268 up-regulated) were identified between PD1-1/PD1-2 and C1-1/C1-2 neurons (P < 0.05; Fig. 3D ). Of these, 34.62% (n = 224) corresponded to noncoding transcripts, including long noncoding RNAs (n = 93), antisense transcripts (n = 37), and pseudogenes (n = 94), and were excluded from further analysis.
Detailed bioinformatics analyses revealed several striking features of differentially expressed genes. Enrichment analysis based on Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome demonstrated significant perturbations in genes associated with metabolic function, cell cycle, extracellular matrix (ECM) and cytoskeletal organization, neuronal differentiation, maturation, and function ( Fig. 3E and SI Appendix, Table S1D ). Specifically, the alterations in GO categories of neurotransmitter receptor activity and binding, terminal button, nerve terminal, synapse, postsynaptic membrane, and ECM indicated that multiple neuronal pathways were compromised in PD neurons under basal culture conditions. Using Information Hyperlinked Over Proteins (iHOP) and PubMed-National Center for Biotechnology Information, we identified 15 genes associated with PD and another nine with other related neurodegenerative diseases, such as Alzheimer's and Huntington's (SI Appendix, Table S1E ). Importantly, a significant portion of altered mRNA transcripts (29 genes) was associated with psychiatric diseases, such as autism, schizophrenia, and bipolar disorder (SI Appendix, Table S1E ), where synaptic dysfunction and eventually synaptic loss comprise the most prominent features (31) (32) (33) . This was a rather unexpected finding that prompted us to further analyze gene transcripts encoding proteins involved in presynaptic vesicle formation and trafficking, vesicular and plasma membrane neurotransmitter transporters, axonal guidance, postsynaptic organization, and synaptic cell adhesion. In total, 92 relevant genes were altered; 80 were significantly down-regulated and 12 were upregulated (SI Appendix, Table S1 F-K). Of those, 20 encoded for presynaptic proteins (SI Appendix, Table S1F), 18 for postsynaptic molecules (SI Appendix, Table S1G), 18 for trans-synaptic adhesion molecules (SI Appendix, Table S1 H and I), and 14 for axon guidance proteins (SI Appendix, Table S1J and Fig. 4 A-E). Selected genes representative of the above categories were validated by RT-qPCR using independent samples of PD1-1, PD1-2, C1-1, and C1-2, as well as two clones of the second patient (PD2-1 and PD2-2). For all 16 genes tested, significant down-regulation was confirmed in both clones from PD1 and PD2 (Fig. 4G ). Of these, SYN3, SV2C, RPH3A, and DOC2B are found in the presynaptic area, where they are involved in synaptogenesis and neurite extension, synaptic vesicle organization, spontaneous synaptic vesicle exocytosis, and regulation of neurotransmitter release, respectively (34) (35) (36) (37) . Three of six members of the human SLITRK family (SLITRK1, -2, and -4) located at the postsynaptic membrane to act as organizers of excitatory synapse formation (38) were also downregulated in PD1 and PD2 neurons, with SLITRK2 and -4 being hardly detectable. DLGAP2, another synaptic organizer enriched in the postsynaptic density (PSD) (39) , as well as GRIN2D and GRIP2, which encode the NMDA glutamate receptor subunit e-4 and the glutamate receptor interacting protein 2, respectively, were all down-regulated in PD1 and PD2 neurons. Two genes of the cadherin/proto-cadherin family (SI Appendix, Table S1I), CDH13 and CDH15 (40), were dramatically down-regulated in PD1 and PD2 neurons, further enhancing our notion of defective synapse formation and function.
Secreted glycoproteins belonging to the WNT family (41) are another class of molecules that promote synaptogenesis and regulate synaptic function. The mRNA expression of the family members WNT3A, WNT5A, WISP1, RSPO1, RSPO3, FRZB, and DKK2 was found differentially expressed (SI Appendix, Table S1K ). Notably, a significant number of calcium-associated proteins (SI Appendix, Table S1L , and Fig. 4F ), such as RCN3, HPCA, CCBE1, CACNA2D4, and CACNA1D, together with various neurotransmitter receptors and channels (SI Appendix, Table S1G ) known to be involved in synaptic function and neurotransmission (42) , were also significantly down-regulated at the mRNA level. Of these, RCN3, HPCA, GRI2ND, and GRIP2 were validated by RT-qPCR in both PD1 and PD2 neurons (Fig. 4G) . Overall, our data show that the p.A53T mutation affects the expression of pre-and postsynaptic genes involved in different processes of synapse formation, maturation, and function. A number of genes associated with axon guidance were also perturbed in PD1 neurons (SI Appendix, Table S1J and Fig. 4E ) with FABP7 and ABLIM3 verified in both PD1 and PD2 (Fig. 4G) .
To investigate potential consequences of synaptic gene dysregulation, we assessed the ability of control and PD neurons to form synaptic connections. To this end, neurons were seeded on a feeder layer of mouse primary astrocytes to enhance their maturation for up to 100 DIV. In these cultures, the characteristic immunofluorescence puncta of the presynaptic protein synapsin1 (SYN1) were clearly detected on the neurites of control and PD neurons at 70 and 100 DIV (Fig. 5A) . However, costaining of SYN1 with MAP2 revealed less complex neuronal networks with thinner or less fasciculated neuronal processes in PD neurons. Additionally, in many PD neurons, SYN1 was retained mainly in the soma rather than in the processes (Fig. 5A) . Synapse formation was identified by coimmunostaining for SYN1 and the postsynaptic marker PSD95 (Fig. 5B) . Quantification of the number of SYN1 +
/PSD95
+ puncta pairs showed a 27% reduction in the number of synaptic contacts in PD neurons at 70 DIV (control 2.64 ± 0.18 pairs per 10 μm vs. PD 1.93 ± 0.15 pairs per 10 μm, P = 0.005; Fig. 5C ) and a 22% reduction at 100 DIV (control 2.86 ± 0.26 pairs per 10 μm vs. PD 2.22 ± 0.13 pairs per 10 μm, P = 0.045; Fig. 5D ), a phenotype strongly linked to the dysregulated expression of synaptic genes identified in p.A53TαSyn neurons.
Rescue of Neuropathological Phenotypes of PD Neurons by Small
Molecules Targeting αSyn. Because the molecular perturbations in PD neurons indicated dysregulation in neurostructural processes and network formation, we further examined the morphology of control and PD neurons 7 d after transduction with a lentiviral vector for expression of the red fluorescent protein DsRed under the control of the human synapsin 1 promoter (LV. SYN1.DsRed) to facilitate imaging of single neurons (Fig. 6A ).
Although at 50 DIV soma size was comparable (Fig. 6B) , neurite length was significantly reduced in PD neurons (control: 293.91 ± 27.39 μm; PD1: 142.85 ± 19.80 μm; PD2: 102.45 ± 15.35 μm; control vs. PD1: P < 0.0001; control vs. PD2: P < 0.0001; Fig. 6C ), as well as the total number of neurites extending from the soma (control: 3.97 ± 0.12; PD1: 3.42 ± 0.14; PD2: 3.15 ± 0.14; control vs. PD1: P = 0.011; control vs. PD2: P < 0.0001; Fig. 6 D and E) . To check whether this phenotype is causally related to pathological p.A53T-αSyn, we used three de novo in silico-designed compounds-NPT100-18A (43), NPT100-14A (patent #8,450,481), and ELN484228 (44)-that all interact with and reduce αSyn toxicity by interfering with αSyn oligomer formation through distinct mechanisms. Their addition in the 1 to 20 nM range did not induce toxicity in control or PD neurons. All three compounds could quench the differences observed in neurite length between control and PD1 neurons when added at a final concentration of 2 nM throughout the neuronal differentiation period (Fig. 6F) . Treatment with NPT100-18A that interacts with the C terminus of αSyn was most effective in restoring the number of neurites extending from the soma of PD neurons (DMSO: 3.72 ± 0.22; NPT100-18A: 4.83 ± 0.24; ELN484228: 4.23 ± 0.22; NPT100-14A: 3.8 ± 0.19; DMSO vs. NPT100-18A: P = 0.013; Fig. 6G ), whereas it had no effect in control neurons (DMSO: 4.68 ± 0.23; NPT100-18A: 4.53 ± 0.26; ELN484228: 4.4 ± 0.28; NPT100-14A: 4.5 ± 0.34; Fig. 6G ). Importantly, all three compounds rescued to a large extent the dramatic pathology observed in TUJ1
+ PD neurons as they alleviated significantly the existence of distorted/degenerating axons, with NPT100-18A and ELN484228 being most effective (axon degeneration index: control-DMSO: 1 ± 0.13; PD1-DMSO: 8.83 ± 0.67; PD1-NPT100-18A: 2.89 ± 0.29; PD1-ELN484228: 3.34 ± 0.31; PD1-NPT100-14A: 5.59 ± 1.21; control-DMSO vs. PD1-DMSO: P < 0.0001; PD1-DMSO vs. PD1-NPT100-18A: P < 0.0001; PD1-DMSO vs. PD1-ELN484228: P < 0.0001; PD1-DMSO vs. PD1-NPT100-14A: P = 0.002; Fig. 6 H and I) . Overall, these observations causally link the disease-related phenotypes of PD neurons to αSyn pathology.
Reversal of Induced-Stress Phenotypes of PD Neurons by Small
Molecules Targeting αSyn. To check whether the above-used small molecules were also effective under induced stress conditions, we accelerated neuronal degeneration and cell death by treatment with the proteasome inhibitors epoxomicin and MG-132 that interfere with αSyn clearance via the proteasome. Initial experiments confirmed a dose-dependent induction of cell death by both inhibitors as assessed by lactate dehydrogenase (LDH) release and an increased sensitivity of PD neurons to proteasome stress (SI Appendix, Fig. S6 ). In subsequent experiments, each inhibitor was added for 24 h at the concentration that induced the largest difference between control and PD cells. Epoxomicin (1 μM) and MG-132 (10 μM) treatment evoked a significant increase in cleaved caspase 3 immunoreactivity and a pronounced disruption of the MAP2 + network (Fig. 7A) , consistent with the levels of LDH release in PD neurons (Fig. 7 B and C) . Quantification of LDH release also revealed that untreated PD neurons were more susceptible to death (Fig. 7 B and C) .
We then performed a series of induced stress experiments in neurons treated with NPT100-18A, NPT100-14A, or ELN484228. At 48 DIV, neurons were replated, and 7-9 d later, epoxomicin and MG-132 were added for 24 h. Epoxomicin-treated PD neurons showed an extensively degenerate MAP2 + network that was most effectively protected by NPT100-18A and to a lesser extent by NPT100-14A and ELN484228 (Fig. 7D) . Similar results were obtained in MG-132-treated PD neurons, where NPT100-18A and NPT100-14A preserved the MAP2 + network (Fig. 7E ).
Discussion
We report pathological phenotypes and protective effects of small-molecule inhibitors of αSyn aggregation in iPSC-derived , and PD2 iPSC-derived neurons at 48 DIV: presynaptic SYN3, SV2C, RPH3A, and DOC2B; postsynaptic DLGAP2 and receptors GRIN2D and GRIP2; trans-synaptic adhesion SLITRK1, -2, and -4; cadherins CDH 13 and 15, genes associated with axon guidance FABP7 and ABLIM3; and calcium-associated RCN3 and HPCA. Gene expression normalized to GAPDH. Data represent mean ± SEM (one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3-5 for each cell line).
neurons from patients with PD carrying the p.A53T mutation. Our data strongly support an iPSC-based model that faithfully simulates disease pathogenesis and uncovers disease-relevant phenotypes under basal conditions. These include protein aggregation, compromised neuritic outgrowth, and axonal αSyn/ Tau-associated pathology, resulting in decreased synaptic connectivity. Accordingly, mutant neurons showed a profound dysregulation in the expression of genes involved in synaptic signaling, including genes associated with synapse formation, trans-synaptic adhesion, and postsynaptic organization. Importantly, small molecules targeting αSyn could correct the degenerative phenotype of PD neurons, thus providing a direct mechanistic link and a therapeutic strategy that may be beneficial for patients with PD and related disorders. In addition to its involvement in rare familial PD cases, αSyn consists of the major sporadic PD-linked gene identified so far, underlying its importance in PD initiation and progression. Patients harboring the p.A53T mutation in αSyn manifest prominent motor and nonmotor symptoms, including autonomic dysfunction, cognitive decline, dementia, and psychotic features (25, 26) (SI Appendix, Table S1B ). It is now recognized that a stronger focus on the nonmotor symptoms is essential for assessing and treating the disease-specific and drug-induced psychiatric symptoms. Additionally, increasing evidence suggests that the neuropsychological deficits seen early in the course of the disease might also be a powerful predictor of the overall progression of cognitive dysfunction to dementia, with implications for early pharmacological intervention (45) . Our findings from human iPSC-derived neurons suggest that disruption of synaptic connections may form a basis for the nonmotor deficits in p.A53T patients with PD.
A striking finding in our study is that patient-derived neurons capture PD neuropathological processes over a relatively short period in culture and in the absence of induced stress. They exhibit thioflavin S-positive aggregates, αSyn-containing intracellular inclusion bodies, and extensive neuritic pathology with grain-like inclusions and knotted spheroids, similar to the structures detected in the neocortex, deep cortical areas, hippocampus, forebrain, and midbrain of p.A53T patients (29, 30) . Interestingly, the appearance of swellings marked an early event in neuritic degeneration. In agreement, overexpression of mutant p.A53T-αSyn in rats induced dystrophic axons and alterations in axonal transport that preceded neuronal loss (46) . Tau-positive inclusions were also prominent, indicating a severe axonal pathology consistent with the presence of extensive Tau lesions in the brains of p.A53T patients (29) . Our data support the hypothesis that Tau and αSyn are involved in shared or converging pathways in the pathogenesis of PD, as well as in the development of cognitive impairment and dementia in patients with familial and possibly also idiopathic PD (47, 48) . These findings have important implications for understanding the interface between Tau and αSyn pathways in neurodegenerative disorders.
The extensive axonal pathology and the degenerative phenotype of PD neurons could be rescued by small-molecule inhibitors that interfere specifically with αSyn aggregation (patent #8,450,481) (43, 44) . This report demonstrates the therapeutic effect of antiaggregation compounds in patient iPSC-derived neurons that not only improved their basal neuropathological features but also restored the neuronal network after proteasome inhibition, suggesting a positive impact even under conditions of increased cellular stress. NPT100-18A, which is most effective in patient neurons (Figs. 6 and 7) , has been recently shown by Masliah and coworkers (43) to reduce αSyn toxicity in transgenic rodent models through a mechanism that involves αSyn displacement from the membrane. Hence, in the absence of isogenic gene-corrected control lines, the protective effects of these small molecules provide a direct link between the diseaseassociated phenotypes identified here and pathological αSyn. Most important, our data on patient iPSC-derived neurons uniquely demonstrate that targeting αSyn is a feasible therapeutic approach for developing new disease-modifying treatments for PD and other synucleinopathies.
An important observation is the endogenous dysregulation in p.A53T PD neurons, most notably down-regulation, of genes involved in various neuronal processes such as axon growth and transport, differentiation and maturation, and synaptic signaling. The presynaptic molecules altered included synapsin III (SYN3), a high-affinity αSyn interactor that has been found to colocalize with αSyn in the caudate-putamen of patients with PD (49) and to work cooperatively with αSyn to regulate synaptic function in dopaminergic neurons. SV2C, a molecule that also colocalizes with αSyn in synaptic puncta (50) and is involved in synaptic vesicle recycling (51) , was also misrepresented. Additionally, genes such as DOC2B, a Ca 2+ -dependent protein involved in vesicle trafficking, and RPH3A, a synaptic vesicle fusion molecule, were found diminished in PD neurons. The majority of presynaptic genes in our study exhibited decreased expression, a finding that confirms the loss of critical presynaptic proteins and the deficits in neurotransmitter release previously described in transgenic mice overexpressing human αSyn (52). Within the same (52) have shown that overexpression of αSyn in cultured hippocampal neurons promotes a reduction in the levels of synaptic proteins at presynaptic terminals, a phenomenon termed "vacant synapses." Moreover, studies in sporadic and experimental Parkinson's disease suggest abnormalities in axonal transport proteins and alterations in synaptic activity (53, 54) . Future experiments should associate the altered gene expression demonstrated here with disturbances in protein levels. The postsynaptic side of the synapse and its complex molecular composition largely depend on signals received from the presynaptic terminal. Correspondingly, PD neurons exhibited significant changes in the expression of various postsynaptic molecules, including DLGAP2, GRIND2, and GRIP2. DLGAP2 is a membrane-bound synapse organizer the rare mutations of which are associated with autism (55) , and GRIN2D and GRIP2 are components of the excitatory synapse. Furthermore, p.A53T-αSyn expression in iPSC-derived neurons affected greatly synaptic cell-adhesion molecules, required to mediate synaptic contact and alignment for proper synaptogenesis and maturation. From those cell-adhesion molecules, a striking number of the cadherin/proto-cadherin family members (40) had reduced expression, including CDH13 and CDH15, which are strongly linked to autism (56) . Other autism-associated genes identified with diminished expression in PD neurons are the three members of the postsynaptic Slit-and Trk-like protein Data represent mean ± SEM (one-way ANOVA, *P < 0.05, ***P < 0.001, n = at least 100 single DsRed-labeled neurons for each cell line). (F and G) Quantification of neurite length (F) and the number of neurites extending from the soma (G) of SYN1.DsRed-positive cells in control and PD1 neurons without treatment (DMSO) and after exposure to NPT100-18A, ELN484228, and NPT100-14A (2 nM). Data represent mean ± SEM (Student's t test for control-DMSO vs. PD1-DMSO, **P < 0.01, one-way ANOVA for control-DMSO vs. control-compounds and for PD1-DMSO vs. PD1-compounds, *P < 0.05, n = at least 100 single DsRed-labeled neurons for each condition). (H) Axonal pathology observed by TUJ1 immunostaining in PD1 cells is significantly improved by compound treatment. (Scale bar, 40 μm.) (I) Quantification of axonal degeneration by measuring the ratio of TUJ1 + spots over the total TUJ1 + area in untreated (DMSO) or compound-treated PD1 iPSC-derived neurons. Data represent mean ± SEM (one-way ANOVA, **P < 0.01, ***P < 0.001, n = 20 randomly selected fields for each condition).
family, SLITRK1, -2, and -4, all promoting excitatory synapse formation through binding to presynaptic protein tyrosine phosphatases (38, 57) . Because neuronal communication depends on the formation of trans-synaptic adhesion complexes, their misrepresentation in PD neurons points to defective synaptogenesis. Indeed, PD neurons transduced with LV.SYN1.DsRed showed impaired neuritic growth, whereas PD neurons left to mature up to 100 d on an astrocytic feeder layer had significantly reduced synaptic contacts. The molecular and cellular phenotypes recognized in our study were corroborated by initial electrophysiological observations indicating changes in functional synaptic connectivity that deserve further investigation. Defects in synaptogenesis and dysfunction in neuronal communication form the basis for neurodevelopmental disorders and a common feature of neurological diseases (58) . Our data support the hypothesis that common mechanisms may operate in neurons in these diverse pathologies that may be activated by the presence of pathological αSyn and/or other aggregated proteins (59) (60) (61) . This is an intriguing hypothesis, especially in the light of recent epidemiological findings that high rates of Parkinsonism are diagnosed in adults with autism (62) .
There are currently no effective treatments for PD. Here, we have used iPSC technology to generate a cellular model that simulates key neuropathological features of the human disease with robust and reproducible phenotypes in patient-derived neurons. We reveal previously unrecognized impaired synaptic connectivity in p.A53T neurons and axonal neuropathology that could be reverted by small molecules targeting αSyn. Given the urgent need for effective drug development, our approach provides a basis for attempting such strategies to treat PD and other synucleinopathies. Furthermore, our cellular model, which has uncovered mechanistic insights into disease pathophysiology, is a powerful tool for functional analyses and can serve as a platform for identification and testing of innovative disease-modifying compounds.
Materials and Methods
Extended experimental procedures are described in SI Appendix, SI Materials and Methods. 
